The physico-mechanical properties of 3 films composed by carvacrol, grape seed extract (GSE) and chitosan in different proportions were studied. The films, prepared by solvent casting technique with the following compositions of the casting solutions in carvacrol, GSE and chitosan: film-1: 9.6 ppm-684 ppm-1.25% w/v, film-2: 60 ppm-400 ppm-1.2% w/v and film-3: 90 ppm-160 ppm-1.24% w/v and were compared to a control (1.25% w/v chitosan) film. Mechanical, structural, barrier and colour properties of the films were evaluated. Film-3 presented the lowest water vapour and carbon dioxide permeabilities (WVP and CO 2 P) and tensile strength (TS) values and the highest oxygen permeability (O 2 P), whereas film-1 presented the highest water content and the lowest crystallinity, CO 2 P, TS and luminosity. These results suggest that in the range studied, carvacrol and GSE affect the film structure and its mechanical properties due to hydrophilic (GSE) and hydrophobic (carvacrol) compounds. This work will help the development of edible films, based on physico-mechanical properties, contributing to food preservation and shelf-life extension.
Introduction
Excessive consumption of plastic materials derived from petroleum and their poor degradation generate a massive accumulation of plastic waste that has been disposed in the environment. For this reason, they have been classified as highly polluting agents (Rodríguez et al., 2012) . To avoid this negative impact, the European Union is promoting different strategies to confront this problem. According to the European Directive on Packaging and Packaging Waste the management of packaging and packaging waste should include as a first priority the prevention of packaging waste and, as additional fundamental principles, reuse of packaging, recycling and other forms of recovering packaging waste that allow reducing the final disposal of such wastes. However, these measures have failed to reduce significantly the amount of wastes (Rudnik, 2008) . Thus, the use of natural polymers has emerged as an alternative to face up to this problem. Edible films can help solve the waste disposal problem by partially replacing nonbiodegradable plastics. They can also act as a barrier to external influences such as water vapour and oxygen, as a vehicle for functional compounds, at the same time reducing bruising and breakage and thus preserving/improving food integrity (Martins et al., 2012) .
Chitosan is a natural polymer obtained by deacetylation of chitin, which is the major constituent of the exoskeleton of crustaceans. Chitosan has been proved to be nontoxic, biodegradable, and biocompatible, also having intrinsic antimicrobial activity, inhibiting the growth of a wide variety of bacteria (Tripathi et al., 2009) . The cationic property of chitosan offers an opportunity to establish electrostatic interactions with other compounds. Due to these characteristics, chitosan has been widely used for the production of edible films (Martins et al., 2012) . In addition, chitosan is an excellent edible film component due to its transparent filmforming capacity and good mechanical properties, with application in a variety of packaging needs (Bourbon et al., 2011) . Chitosan films are good barriers to gases (CO 2 and O 2 ) (Hosokawa et al., 1990) but present high permeabilities to water vapour. In order to improve water barrier properties of chitosan films, various compounds, such as oleic acid and a-tocopherol are frequently incorporated (Park and Zhao, 2004; Vargas et al., 2009 Multifunctional packaging systems containing active substances have a high potential for commercial food packaging applications. On the other hand, the permeability of the film depends on its chemical structure and morphology, the nature of permeant and temperature of the environment (Siripatrawan and Harte, 2010) . Moreover, the water vapour permeability is the most extensively studied property of edible films because of the importance of water in deteriorative reactions in foods (Martins et al., 2012) .
Consumers prefer foods with improved safety; this is particularly relevant in the case of fresh and minimally processed foods using these packaging systems (Lee, 2005) . The incorporation of antimicrobial and/or antioxidant compounds of natural origin into chitosan films is an interesting way to enhance chitosan films' functional properties. Several plant essential oils are natural antimicrobial (AM) agents that have a great potential as preservative ingredients, having a wide acceptance by consumers (Burt, 2004) . Moreover, they are generally recognized as safe, status defined by FDA (US Food and Drug Administration). The AM components are commonly found in the essential oil fractions and may have a wide spectrum of AM activity (Gutierrez et al., 2009) . One of them is carvacrol, a major component (50-86%) of spices such as oregano (Origanum sp.), which has been used for decades as a food preservative (Kulisic et al., 2004) . Carvacrol is a phenolic compound with proven AM activity against bacteria (Guarda et al., 2011; Periago et al., 2004) , fungi (Guarda et al., 2011; Daferera et al., 2003) and yeasts (Guarda et al., 2011; Arora and Kaur, 1999) , showing a high potential to improve the shelf-life and safety of perishable foods (Holley and Patel, 2005; Martínez-Romero et al., 2007) . This compound is hydrophobic and may dissolve in the hydrophobic domain of the cytoplasmic membrane of bacterial cells, between the lipidic acyl chains (Lagouri et al., 1993; Sivropoulou et al., 1996) .
Grape seed extract (GSE), a well known AM agent, is a rich source of polyphenolic compounds, mainly monomeric catechins and epicatechin, gallic acid, and polymeric and oligomeric procyanidins (Monagas et al., 2003) . These polyphenolic compounds showed various biological effects, including AM capacity (Jayaprakasha et al., 2003; Baydar et al., 2004 Baydar et al., , 2006 Furiga et al., 2009) .
The use of combinations of natural AM agents may increase the spectrum of AM activity, reduce the resistance of microorganisms and may also produce synergistic interactions exhibiting AM activity greater than that of a simple sum of AM agents (Choi et al., 2009 ) and may also contribute to improve the physico-mechanical properties of the films.
Therefore, the goal of this work was to study the physicomechanical properties of films composed by carvacrol, GSE and chitosan combinations.
Materials and methods

AM compounds and chemicals
Carvacrol (98% pure; Cat: 28,219-7), sodium bromide (NaBr, 02119-1KG) and chitosan (high molecular weight, with a deacetylation degree of >75% Cat: 419419-250G) were obtained from Sigma Aldrich (Lisbon, Portugal), GSE (exGrape Ò seed OPC 40 powder (polyphenols > 95% and proanthocyanidins > 70%)) from Gardonnenque (Groupe Grap'Sud, Cruviers Lascours, France). Methanol, acetic acid, glycerol, Tween-80 were purchased from José Manuel Gomes dos Santos (JMGS Odivelas, Portugal).
Optimal antimicrobial combination (OAMC)
Solution with optimized antimicrobial combination were previously designed by simplex centroid mixture design combining carvacrol (0-300 ppm, X 1 ), GSE (0-2000 ppm, X 2 ) and chitosan (0-2% w/v, X 3 ), using the Design-Expert Ò 7.0 software (DesignExpert, 2005) . The optimised solutions (Table 1) showed antimicrobial properties against different spoilage microorganisms (6D reduction, results from Rubilar et al. (2012) ). The films were prepared with different mixtures of carvacrol (ppm), GSE (ppm) and chitosan (% w/v), film-1: 9.6 ppm-684 ppm-1.25% w/v, film-2: 60 ppm-400 ppm-1.2% w/v and film-3: 90 ppm-160 ppm-1.24% w/v were compared with control chitosan film (prepared from 1.25% w/v solution).
Preparation of chitosan films
Chitosan films were prepared according to previous studies by Vásconez et al. (2009) and Ojagh et al. (2010) with some modifications. Chitosan film forming solutions (CFFS) were prepared by dissolving 2% (w/v) of chitosan in a 1% (v/v) glacial acetic acid and homogenized with an Ultra-Turrax homogenizer (T25, Ika-Werke, Germany) at 9500 rpm for 20 min. The solution was kept at room temperature for 12 h. The resultant chitosan solution was filtered through cheesecloth (non-woven) in order to remove any undissolved particles. After filtration the solution was warmed on a magnetic stirrer/hot plate (40°C) and glycerol was added to a level of 0.5 ml/g chitosan as a plasticiser (Table 1 ). The plasticiser was mixed into the solution for 30 min. Then, Tween-80 at 0.2% (v/v) was added as an emulsifier to assist dissolution of AM agents in CFFS. The Tween-80 was mixed into the solution for 1 h and after that the solutions were cooled. The AM agents were added to different chitosan solutions and mixed using an Ultra-Turrax homogenizer at 9500 rpm for 5 min to reach the desired final concentration (Table 1) per film. After cooling to room temperature, the CFFS were degassed under vacuum (67 kPa) with a vacuum pump (Edwards, BS 2208, UK) for 5 min and then 200 ml were casted onto 32 cm round glass plates, and dried for 48 h at ambient conditions (25°C). Dried films were stored in desiccators at 25°C and 57% relative humidity (obtained using a NaBr solution) until testing.
Determination of physical properties
Film thickness
The film thickness was determined with a digital micrometer (No. 293-5, Mitutoyo, Japan). Fifteen thickness measurements were randomly taken on each testing sample. The mean values were used to calculate WVP, O 2 P and CO 2 P and TS.
Water solubility
Water solubility was determined according to the method reported by Cuq et al. (1996) . Solubility is defined as the content of dry matter solubilized after 24 h immersion in water. The initial dry matter content of each film was determined by drying to constant weight in an oven at 105°C. Film disks (2 cm diameter) were cut, weighed (M i ), and immersed in 50 ml of water. After 24 h of immersion at 20°C with agitation (60 rpm), the samples were taken out and dried to constant weight (M f ) in an oven at 105°C, to determine the weight of dry matter that was not solubilized in water. The solubility of each film was then determined as follows:
where M i is the initial mass and M f is the final mass of the sample. Three replicates were obtained for each sample.
Moisture content
To determine the moisture content of films, about 50 mg of film were dried at 105°C during 24 h (until the equilibrium weight was attained). The weight loss of the sample was determined, and moisture content was calculated using the following equation:
where M i and M f are the masses of initial and dried samples, respectively. Three replicates were obtained for each sample.
Colour
The films' colour was determined with a Minolta colorimeter (CR 400; Minolta, Japan). A white colour plate was used as a standard for calibration and as a background for colour measurements of the films. L, a, b values of each film were evaluated by reflectance measurements (Rao et al., 2010) . The measurements were repeated six times for each film.
Water vapour permeability (WVP)
The WVP was determined gravimetrically based on the ASTM E96-92 (ASTM E96-92, 1990), method and following ). The film was sealed on the top of a permeation cell containing distilled water (100% RH; 2337 Pa vapour pressure at 20°C), placed in a desiccator at 20°C and 0% RH (0 Pa water vapour pressure) containing silica. The cells were weighed each 2 h for 10 h. Steady-state and uniform water pressure conditions were achieved by maintaining the air circulation constant outside the test cell by using a miniature fan inside the desiccator (McHugh et al., 1993) .
The WVP was estimated using regression analysis from Eq. (3) adapted from Sobral et al. (2001) :
where x is the average thickness of edible films, A is the permeation area (0.005524 m 2 ), P is the difference of partial vapour pressure of the atmosphere (2337 Pa at 20°C) and the term w/t was calculated by linear regression from the points of weight gain and time, in the constant rate period. Three replicates were obtained for each sample.
Fourier-transform infrared (FTIR) spectroscopy
The infrared (IR) spectra of the films were determined with a Fourier-transform infrared spectrometer (FTIR) (Perkin Elmer 16 PC spectrometer, Boston, USA), using Attenuated Total Reflectance (ATR) mode. Each spectrum results from 16 scans at 4 cm À1 resolution for a spectral range from 650 and 4000 cm À1 . All readings were performed at room temperature (20°C). FTIR spectroscopy was used as a tool to investigate the interactions between chitosan and grape seed polyphenols and carvacrol by measuring the absorbance in the 650-4000 cm À1 wavenumber range at 4 cm À1 resolution.
In the case of overlapping peaks, deconvolution was performed to calculate the contribution of the individual peaks using Peakfit software version 4.12 (SYSTAT Software Inc., Richmond, CA, USA). Deconvolution was used to estimate the peak area related to the specific vibration. Spectra of films were deconvoluted with a smoothing filter of 15%. Each spectrum was baseline-corrected and the absorbance was normalized between 0 and 1.
2.4.7. Oxygen and carbon dioxide permeabilities (O 2 P and CO 2 P) O 2 P and CO 2 P were determined based on the ASTM D3985-02 (ASTM-D-3985-02, 2002) method described by . O 2 and CO 2 concentrations were determined by gas chromatography (Chrompack 9001, Middleburg, Netherlands) with a column Porapak Q 80/100 mesh 2 m Â 1/8 00 Â 2 mm SS to separate the CO 2 and with a column molecular sieve 5A 80/100 mesh 1 m Â 1/8 00 Â 2 mm to separate the O 2 followed by a thermal conductivity detector (TCD) at 110°C. Helium at 23 ml min À1 was used as carrier gas. A mixture containing 10% CO 2 , 20% O 2 , and 70% N 2 was used as the standard for calibration.
Three replicates were obtained for each sample, in each case (O 2 P and CO 2 P). For each replicate three measurements were taken.
X-ray diffraction
Films' samples were cut into circular pieces (32 mm 2 ) and were mounted on a zero background silicon substrate sample holder. Samples were analysed between 2H = 5°and 60°with a step size 2H = 0.017°(step time of 2000 s) in a powder X-ray diffractometer X'Pert Pro PANalytical (Almelo, The Netherlands) at 45 kV and 35 mA, using Cu Ka radiation (k = 1.543 Å) filtered by Ni. The diffractometer was equipped with an X' Celerator detector, a 0.5°d ivergence slit and anti-scatter slits of 1°and 0.5°in incident and diffracted beams, respectively. The initial grip separation was set at 30 mm and the crosshead speed was set at 5 mm min
À1
. TS was expressed in Pa and calculated by dividing the maximum load (N) by the initial cross-sectional area (m 2 ) of the specimen. EB was calculated as the ratio of the final length at the point of sample rupture to the initial length of a specimen (30 mm) and expressed as a percentage. According to the ASTM standard, film strips with a length of 45 mm and a width of 20 mm were used. TS and EB tests were replicated at least three times for each type of film.
Scanning electron microscopy (SEM)
Film surface morphology and cross section were examined using a scanning electron microscope (Nova NanoSEM 200, Netherlands) with an accelerating voltage from 10 to 15 kV. Before analysis, all samples were cut with a sharp scalpel (3 Â 3 mm), and were mounted on aluminium stubs using carbon adhesive tape and sputter-coated with gold (thickness of about 10 nm). The energy dispersive spectroscopy analyses were performed in an integrated EDS-BSED (EDAX) system. 
Statistical analysis
A randomized experimental design was used. The data analyses were carried out using Statgraphics Centurion XV software (2006) using analysis of variance and Student's t-test. Differences were considered at a significance level of a = 0.05.
Results and discussion
3.1. Physical and thermal properties 3.1.1. Thickness, water solubility and moisture content Homogeneous, flexible and transparent films were obtained from control and test solutions. The thin films were easily removed from the cast plate and the thickness of films varied between 0.042 and 0.062 mm, as shown in Table 2 . Table 2 also shows the solubility and moisture content values obtained for chitosan films. The higher solubility of the control film is attributed to the water binding capacity of plasticizer (glycerol) and functional groups of chitosan (Ojagh et al., 2010) . The increase of carvacrol concentration (0-90 ppm) in mixtures with GSE and chitosan, as shown in Table 1 , leads to a significant decrease (p < 0.05) of moisture content values due to the hydrophobic nature of carvacrol, indicating that there was major variation of the total void volume. However, the films solubility was not affected by the incorporation of carvacrol (p > 0.05). Similar results were obtained by other authors when a hydrophobic agent was incorporated into chitosan films, such as a-tocopherol or cinnamon essential oil (Martins et al., 2012; Ojagh et al., 2010 ). An opposite effect was observed when the GSE concentration was at the highest level (0-684 ppm) in mixtures with carvacrol and chitosan (see Table 1), leading to a significant increase (p < 0.05) of moisture content values due to the hydrophilic nature of GSE. Although hydrophilicity of GSE and hydrophobicity of carvacrol were not characterized, carvacrol had been reported being highly hydrophobic (Burt, 2004) , while the major GSE components present hydrophilic zones in their structure (Yamakoshi et al., 1999) . One of the major problems of polysaccharide films is their water sensitivity, which is evaluated by different methods such as sorption and water activity, moisture content, solubility, contact angles and through the measurement of the water permeability (Martins et al., 2012) . Solubility of films in water may also provide insight into the behaviour of a film in aqueous environments, being a measure of its water resistance, hence related to the hydrophilicity of the material. The moisture content is the parameter related to the total void volume occupied by water molecules in the network microstructure of the film (Pereda et al., 2011) . This is also an important factor that determines biodegradability of films when used as packaging materials (Gnanasambadam et al., 1997) . The resistance of films to water, determined by their solubility in the water test, is critical for the potential application of films. Sometimes, high water solubility is desired. This is the case when the film or coating will be consumed simultaneously with the food. However, in other technological applications of films, such as packaging, a low solubility in water is necessary, as is the case of packaging of highly moist foods (Rhim et al., 1998) .
Colour
The colour parameters of each film are shown in Table 2 . GSE (reddish in solid state) incorporation at the high level (684 ppm) into chitosan film leads to a decrease of L and an increase of the a parameters, indicating a decrease of the lightness and an increase of the redness of the film-1 when compared to the control. This can be attributed to polyphenols, especially proanthocyanidins, present in GSE (Perumalla and Hettiarachchy, 2011) . Siripatrawan and Harte (2010) also observed that aqueous green tea extract (high content of polyphenols like GSE) incorporated in chitosan films decreases film lightness. This property may help to avoid oxidative deterioration in packaged foods caused by exposure to visible and ultraviolet light, leading to nutrient losses, discoloration and off-flavours. The increase of the b parameter in film-1 indicates the intensification of the yellowness of the chitosan film-1 with a significant difference (p < 0.05). Different results were obtained for film-3, that has a higher content of carvacrol, thus there were no significant differences in L and b parameters in comparison to control (p > 0.05).
Water vapour permeability (WVP)
The control film presented a WVP value of (2.17 ± 0.09) Â 10 À7 g Pa À1 s À1 m À1 and similar results were obtained by Gómez-Estaca et al. (2011) . The results showed that incorporation of GSE and carvacrol had a significant effect (p < 0.05) on WVP of chitosan films. As shown in Table 3 , the increase of carvacrol in film-3 and film-2 caused a reduction of WVP. This result may be explained by the hydrophobic nature of carvacrol, which affects the hydrophilic/hydrophobic balance of the film. Similarly, Byun et al. (2010) reported that the addition of hydrophobic a-tocopherol to polylactic acid films improved water vapour barrier properties. An opposite behaviour was observed for WVP values in film-1, probably due to the higher concentration of hydrophilic GSE in chitosan, offering more free HO-hydrophilic positions to water molecules (Vásconez et al., 2009) . Additionally, the presence of GSE may originate less crystalline films, leading to an increase of the WVP. This latter hypothesis was advanced since polymer with high crystallinity are usually less permeable due their ordered structure, and therefore the mass transfer of a gas in a semicrystalline polymer occurs primarily via the amorphous phase (Sperling, 2006; Miller and Krochta, 1997) .
Oxygen and carbon dioxide permeabilities (O 2 P and CO 2 P)
The O 2 P values of the control film and of the films with GSE and carvacrol added in different proportions (film-1, film-2 and film-3) are shown in Table 3 . O 2 P of the films increased with the incorporation of high concentration of GSE (film-1) and high concentration of carvacrol (film-2), probably due to microstructural changes in the film, becoming more porous with the addition of these agents. Film-3 and film-1 (containing high concentration of carvacrol and GSE, respectively) presented values of O 2 P of (6.58 ± 0.23) Â 10 À13 and (6.20 ± 0.67) Â 10 À13 g mPa À1 s À1 m À2 , respectively. These results showed a significant increase (p < 0.05) in the O 2 P compared to the control. Similar results were obtained by Altiok et al. (2010) where films containing high concentration of thyme oil (0.2-1.2%) increased the oxygen transmission rate. However, this effect was Table 2 Solubility in water, moisture content and parameter of colour for different chitosan films. not observed with the addition of lower concentrations of GSE and carvacrol (film-2) where a significant decrease (p < 0.05) in the O 2 P value was obtained. The gas permeabilities are dependent on the crystallinity of the films, with O 2 P and CO 2 P decreasing with increased crystallinity (Miller and Krochta, 1997) . Similar results were observed for other chitosan films where the increases of crystallinity lead to a decrease of gas permeability (Bourbon et al., 2011; Souza et al., 2009 Souza et al., , 2010 .
The O 2 P of food packaging materials is of great importance for food preservation, since oxygen is a key factor in oxidation, initiating several deterioration reactions (Sothornvit and Pitak, 2007) . Polysaccharide films offer a good oxygen barrier, since their hydrogen-bonded network structure is tightly packed and arranged (Martins et al., 2012; Bourbon et al., 2011; Cerqueira et al., 2009 ). ) (Bourbon et al., 2011) . It was found that the addition of GSE and carvacrol in different proportions into chitosan films significantly reduced (p < 0.05) CO 2 P. This result can be attributed to the low solubility of CO 2 in the films with added GSE and carvacrol. The determination of permeability of edible films to carbon dioxide provides important information for the development of edible films, especially in the design of modified atmosphere packaging (Bourbon et al., 2011; McMillin, 2008) .
Fourier-transform infrared (FTIR) spectroscopy
The infrared spectra of control chitosan film and of sample films with GSE and carvacrol added in different proportions (film-1, film-2 and film-3) are shown in Fig. 1 . The chitosan spectrum was similar to previous reports (Xu et al., 2005; Ritthidej et al., 2002) . The peaks between 3500 and 3000 cm À1 , corresponding to stretching vibration of free hydroxyl and to asymmetric and symmetric stretching of the N-H bonds in amino group, respectively, are very similar in all films studied. The band at 1560 cm À1 corresponds to the NH bending (amide II vibrational mode). A small peak near to 1655 cm À1 corresponds to the C=O stretching (amide I), and a peak at 1740 cm À1 suggested the presence of carbonyl groups. The FTIR spectra of the sample films were very similar to that the control chitosan film, as the modifier concentrations were comparatively low. Zhang and Kosaraju (2007) found that the signal from amine functional groups of chitosan decreased in presence of catechin (0.5-0.8%). Similar findings were also observed by Siripatrawan and Harte (2010) who probed formation of covalent bonds between chitosan and green tea extract (2%, 5%, 10% and 20%). No major differences in the FTIR spectra were observed; nevertheless the water barrier properties were improved for film-3 which contains more carvacrol, a hydrophobic agent, as it was already described in section of water solubility and moisture content (Section 3.1.1).
3.1.6. X-ray diffraction Fig. 2 shows that the crystallinity of the chitosan films decreases with the increase of GSE in films (film-1), while increasing with the increase of carvacrol (film-3). Zhang et al. (2006) and Souza et al. (2010) have shown that the reflection around 10°(2H) reflects the presence of the crystal form I and the strongest reflection at 2H = 20°corresponds to the crystal form II. It is known that chitosan always contains bound water (5%) even if it has been extensively dried. The crystalline peak centred at around 10°(peak I) is attributed to the hydrated crystalline structure of chitosan (Souza et al., 2010) . This could confirm the decrease the crystallinity in the film-1. Another peak registered near 20°(peak II) is reported to be the indication of the relatively regular crystal lattice in chitosan (Souza et al., 2010) . Accordingly, the film-2 that showed the highest crystallinity in X-ray is also characterized by the lowest O 2 P.
Determination of mechanical properties
Mechanical properties -TS and EB
Mechanical properties reflect the films ability to protect the physical integrity of foods (Martins et al., 2012) . The effect of incorporating GSE and carvacrol in different proportions on mechanical properties of chitosan films is presented in Table 3 . Control chitosan film present values of 49 ± 7 MPa and 28 ± 9% for TS and EB, respectively. These values are higher than those reported by Souza et al. (2010) (TS = 13 MPa and EB = 16%) and Vargas et al. (2009) (TS = 12 MPa and EB = 17%). This could be due to several factors such as: chitosan composition and source, presence of a plasticizer, film preparation and storage (Martins et al., 2012; Sánchez-González et al., 2009 ). The carvacrol incorporation in higher concentration of GSE (film-3) showed a significant decrease on the TS of the chitosan films. A similar trend was reported by Martins et al. (2012) on chitosan films with added atocopherol.
It was proposed that the addition of a hydrophobic agent to the film composition induces the development of structural discontinuities, producing a film structure with less chain mobility, and consequently, with less flexibility and resistance to fracture (Sán-chez-González et al., 2009). Vargas et al. (2009) reported that incorporation of oleic acid into chitosan films decreased TS and EB. Similar behaviour was observed when carvacrol was added in higher concentration than GSE (film-3). Generally, oil addition to polysaccharide films decreases TS and EB values, once lipids are not capable to form continuous and cohesive matrices (Péroval et al., 2002) . Also, the water content of the films can affect their mechanical properties. As previously mentioned, the increase of carvacrol concentration in the mixture for the chitosan film-3 decreased the water content compared with film-1 and film-2 (Table 2). Lower water content is expected to decrease film plasticity, since water also acts like a plasticizer (Rivero et al., 2010) .
Regarding film-1, no significant differences were observed in TS and EB values (p > 0.05). Fig. 3 shows SEM micrographs of the surface and cross section of each film. Film-1 (higher concentration of GSE) showed remark- Table 3 Mechanical and gas barrier properties of different chitosan films (thickness between 42 and 62 lm). able differences in terms of surface microstructure (rugous surface; Fig. 3 , b.1) compared to the control film (smooth and continuous structure; Fig. 3 , a.1), probably due to the hydrophilicity of GSE which may absorb higher water content. The smooth and continuous structure can be observed in the cross section of film-1 (Fig. 3,  b. 2). For film-2 that contains intermediate concentrations of GSE and carvacrol, showed a less rugous surface than film-1 (Fig. 3,  b .1) and a more rugous surface comparing to film-3 (Fig. 3, d.1 ).
Scanning electron microscopy (SEM)
For film-3, that contains largest concentration of carvacrol, a hydrophobic agent, the surface view suggests a sheet-like and dense structure, while the cross section reveals the sheets stacked in compact layers (Fig. 3, d .1 and d.2). Similar result of sheets stacked with the incorporation of hydrophobic agent into chitosan matrix was observed by Ojagh et al. (2010) . All cross sections (Fig. 3, b. 2-d.2) showed GSE and carvacrol (in different concentrations) uniformly incorporated in the chitosan matrix. 
Conclusion
The present work shows that GSE and carvacrol mixtures can be added to a chitosan film matrix. Moreover, transparent biodegradable films were successfully prepared and the incorporation of these natural agents influenced mechanical, barrier and colour properties of the chitosan films. An increase of carvacrol concentration in the mixture (film-3) promoted a decrease of WVP, CO 2 P, TS and EB values and an increase of O 2 P while an increase of GSE concentration in the mixture (film-1) promoted a increase in the water content and consequently an increase in WVP and O 2 P, and a decrease in CO 2 P and TS. The incorporation of compounds like GSE and carvacrol can also be used to protect foods from UV light-induced degradation. Therefore, such films, used as vehicle for functional compounds, can be promising alternatives to synthetic materials, potentially contributing to improved food preservation and shelf-life extension.
